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by synchronous synaptic input lead to large dendritic
calcium signals, which are potent stimuli for triggering
synaptic plasticity (Golding et al., 2002). The readout of
synaptic integration by the dendritic calcium signal
can therefore provide a link to long-term storage of ac-
tivity patterns in dendrites. Thus, the approach pio-
neered by Losonczy and Magee now allows us to probe
one of the dark corners of the brain, the fine oblique den-
drites, and promises to provide a more enlightened view
of dendritic function.
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in the Entorhinal Cortex
The entorhinal cortex functions as the gateway to the
hippocampal formation. However, its role in formation
and consolidation of hippocampus-dependent mem-
ory remains relatively unexplored. In this issue of Neu-
ron, Yasuda and Mayford report an elegant cell-typerestricted inducible transgenic mouse overexpressing
a mutant form of CaM kinase II selectively in superficial
layers of medial entorhinal cortex and its upstream re-
gions. These animals display a selective spatial mem-
ory deficit during the immediate posttraining period as
well as during acquisition in the Morris water maze.
Similar to the hippocampus, this time-limited involve-
ment of entorhinal cortex in spatial memory process-
ing suggests a crucial role for hippocampal-entorhinal
circuitry in spatial memory formation.
Studies of stroke and other brain-damaged patients
have shown a localization of many brain functions, in-
cluding specific forms of learning and memory. The
most compelling evidence that memory formation and
recall of daily life depends on the medial temporal lobe
came from neuropsychological studies of the amnesic
patient H.M. (Scoville and Milner, 1957), who received
bilateral temporal lobectomy after medically intractable
epilepsy. Although the severity of H.M.’s seizures was
reduced by the surgery, H.M. instead suffered from
characteristic memory impairments. Although his ability
to learn basic motor skills and short-term memory was
preserved, he was unable to form new declarative mem-
ories that can readily be brought to conscious recollec-
tion. Moreover, he could not recall events that transpired
within about 11 years preceding his surgery (Sagar et al.,
1985). Later, amnesia patients suffering from ischemic
injury limited only to the hippocampus were also found
to be impaired in the acquisition of new memories but
not to the severe degree experienced by H.M. (Squire
and Zola-Morgan, 1991). Because his bilateral medial
temporal lobe resection included the hippocampal for-
mation and adjacent structures, including most of the
amygdala and entorhinal cortex, differential and sub-
stantial roles of the parahippocampal regions in some
memory processes have long been suggested.
For some years now it has been known that the major-
ity of the cortical input to the hippocampus is funneled
through the association cortices that surround the hip-
pocampus. In particular, the entorhinal cortex receives
inputs from various cortical areas, including the peri-
rhinal, parahippocampal, pre- and parasubiculum,
piriform, orbitofrontal, and retrosplenial cortices (Witter
et al., 1989). Therefore, one would expect that selective
lesions of the entorhinal cortex could severely impair
hippocampus-dependent memory. However, the major-
ity of recent studies have suggested that selective hip-
pocampal lesions result in more profound acquisition
deficits in spatial navigation tasks, such as the Morris
water maze, than do selective entorhinal cortex lesions
(Aggleton et al., 2000; Jarrard et al., 2004). This line of ev-
idence has also been replicated by selective electrolytic
lesions of temporoammonic (TA) pathway from entorhi-
nal layer III cells to hippocampal CA1 in rats (Remondes
and Schuman, 2004). Importantly, the TA lesion 24 hr af-
ter, but not 3 weeks after, the training of hidden platform
tasks impaired memory recall later, suggesting that the
TA-conveyed cortical activity is required for memory
consolidation that occurs within 3 weeks after the train-
ing. But why are conventional selective fiber-sparing
lesions of entorhinal cortex so controversial in mimick-
ing the acquisition deficit in Morris water maze tasks
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184observed after selective hippocampal lesions? One
clear answer can be argued from recent elegant studies
by Edvard Moser and colleagues (Steffenach et al.,
2005; Hafting et al., 2005), which suggested that a dorso-
caudal pole of the medial entorhinal cortex, a particular
region often ignored in the previous lesion studies, is es-
sential for spatial information. In other words, they sug-
gested that the lesions 36 hr after the last training in the
Morris water maze, that include dorsocaudal pole of the
medial entorhinal cortex, are required for the deficit in
retention or consolidation of spatial memory (Steffenach
et al., 2005). They further demonstrated that the firing
fields of layer II and III cells have a repetitive triangular
structure, i.e., ‘‘grid cells,’’ implying the path-integration
map, in dorsocaudal medial entorhinal cortex (Hafting
et al., 2005). Steffenach et al. also showed that the selec-
tive lesions that include dorsocaudal medial entorhinal
cortex somehow did not result in a complete acquisition
deficit during the reversal training in the Morris maze,
suggesting the lesions are still not complete. Neverthe-
less, partial acquisition impairment also suggested the
possibility of impaired online computation of the current
position in spatially guided behavior. In general, it is dif-
ficult to argue whether the deficit in learning tasks after
lesions is due to loss of memory trace or ‘‘expression’’
of memory by the performance deficit. Is there any
way to solve these troublesome questions for animal be-
havioral testing?
In this issue of Neuron, Yasuda and Mayford (2006)
created a brain cell-type restricted inducible transgenic
mouse strain, in which a constitutively active mutant
form of CaMKII is expressed only in the superficial layers
of medial entorhinal cortex and the upstream regions,
pre- and parasubiculum. This mutant CaMKII is sup-
posed to alter the pattern of synaptic weights, disrupting
the memory traces. The behavioral studies of this fasci-
nating mouse demonstrated a clear acquisition deficit in
a spatial navigation task, which was rescued by sup-
pression of mutant CaMKII, with no deficit in contextual
fear conditioning. Furthermore, immediate posttraining
activation of the mutant CaMKII disrupted previously ac-
quired spatial memory, whereas transgene activation 3
weeks after the training showed no effect on previous
memory recall. Their findings advance the field of mem-
ory research in two ways. First, this is an excellent re-
search model for brain-subregion restricted inducible
genetic manipulation in behavioral testing. Because
the expression pattern is so stable upon establishment
of the transgenic line through germline transmission
across several generations, the strain can consistently
generate mice with the same genetic manipulation,
which makes the behavioral analysis more reliable than
conventional lesion studies. Accordingly, the genetic
manipulation of mutant CaMKII in entorhinal cortex con-
firmed the deficits in both acquisition and retention of
spatial navigation task, each of which was somewhat
controversial for many years by the entorhinal lesion
studies. Furthermore, manipulation of medial entorhinal
cortex spares deficits in contextual fear conditioning,
clearly suggesting the functional dissociation of medial
and lateral entorhinal cortex. In other words, it implies
that contextual fear conditioning depends on lateral en-
torhinal cortex. Second, by using a reversible inducible
system, this conditional transgenic approach potentiallyenables us to distinguish the loss of memory trace from
memory performance deficit. For this strain, the fact
that activation of mutant CaMKII three weeks after the
training did not result in any memory recall deficit would
suggest that this manipulation does not affect ‘‘expres-
sion’’ of memory. Therefore, the plausible interpretation
of posttraining impairment in spatial learning of the
mutant animals would be disruption of memory trace
or impaired consolidation to form memory traces, which
would provide better understanding of cellular process
of spatial learning than conventional lesion studies.
With the newly generated transgenic mice, more
questions await to be addressed. Although superficial
entorhinal cortex and its upstream afferent regions,
pre- and parasubiculum, is supposed to be an input
structure of the hippocampus anatomically, the selec-
tive manipulations of these areas disrupted retention
or consolidation of memory as well as encoding of mem-
ory. How do the regions providing cortical inputs to the
hippocampus involve memory retention or consolida-
tion? As mentioned above, this question has already
been tackled by the selective TA lesions study (Re-
mondes and Schuman, 2004), showing a temporal re-
quirement of TA input within 3 weeks after the training
for consolidation of a long-term spatial memory. Taken
together with the present study, it appears that post-
training reverberatory activity between hippocampus
and entorhinal cortex is critical for consolidating hippo-
campus-dependent long-term memory. In fact, a rever-
beratory activity in the hippocampal-entorhinal circuitry
has previously been reported in rat slices (Iijima et al.,
1996). However, it is not clear when and where memory
traces are fully consolidated after hippocampal-entorhi-
nal interaction in the posttraining period.
Then, the next obvious question is to understand
where the spatial memory trace is eventually stored.
Owing to a time-limited role of mutant CaMKII in the
spatial memory, Yasuda and Mayford (2006) nicely
speculated that medial entorhinal cortex, pre- and para-
subiculum are not part of permanent repository for spa-
tial memory. Accumulating evidence suggests that the
hippocampus is a temporary repository for memory
trace, in which the neuronal activity pattern during the
awake learning period is replayed during sleep, and
that the cortex, in particular prefrontal cortex, eventually
extracts its semantic component of the memory and
permanently stores it as a remote memory (Squire
et al., 2004). According to this standard theory of sys-
tems consolidation, the hippocampus is not a perma-
nent repository of the memory but eventually becomes
independent of memory storage. Yet it is well known
that hippocampal lesion in rats produce impairment in
remote spatial memory with temporally flat retrograde
amnesia in spatial navigation tasks like Morris water
maze (for example, see Clark et al. [2005], Martin et al.
[2005], and Winocur et al. [2005]). One possibility is
that the hippocampus is the permanent repository of
memory for space (Mumby et al., 1999). Another possi-
bility is that the hippocampus involves retrieval of spatial
memory regardless of memory age, although it appears
not to be the case for human remote spatial memory
(Teng and Squire, 1999). Alternatively, it may be that
spatial navigation to a specific point in space always de-
mands new learning, which requires the hippocampus.
Off on a Tangent:
Thalamocortical Axons Traverse a
Permissive Corridor across the
Basal Telencephalon
The forebrain is one of most complex cellular struc-
tures known. Two phenomena that enable this com-
plexity are tangential migrations that mix neurons
from distinct progenitor fields, and axon guidance
across intervening, noninnervated fields. A new paper
in Cell by Lo´pez-Bendito et al. has discovered the con-
vergence of these phenonema in the critical thalama-
cortical system.
With the advent of molecular neuroscience, and partic-
ularly of mouse transgenics, there have been major
strides in understanding the development of cellular
composition and connectivity in the developing fore-
brain. Prominent among these advances has been the
identification of tangential migrations that permit the
mixing of neuronal subgroups from distinct progenitor
fields, and the molecular regulation of thalamocortical
connectivity. Now, a collaborative effort from two labs
that have generally focused on either the migration or
the connectivity problem has resulted in the remarkable
finding that the tangential migration of a defined group
of cells, arising from a progenitor field that is distinct
from the ultimate destination, is an important step in
the guidance of thalamocortical axons toward their cor-
tical targets. In addition to the implications for a critical
process in forebrain development, this paper has inter-
esting implications for the processes behind the tremen-
dous expansion of forebrain complexity that has accom-
panied tetrapod, and especially mammalian, evolution.
The survival of most organisms involves complex in-
teractions between individuals and their environment.
As this complexity increases across the animalia king-
dom, so does the central nervous system substrate
that mediates the animal’s processing of sensory infor-
mation, acting upon this information, and then resensing
in the context of expected outcomes. In tetrapod evolu-
tion this complexity has been matched by increasing
complexity of the forebrain, including the connectivity
between thalamic regions that receive most primary
sensory input, and more rostral, telencephalic regions
that participate in processing this input and formulating
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185Yasuda and Mayford (2006) utilized the Morris water
maze to track the consolidation-sensitive period and
suggested that hippocampus and entorhinal cortex
functions as a single unit in regards to the consolidation
of spatial memory. However, this argument could be
specific to spatial navigation tasks, and there may be
temporally and functionally different contributions of
medial entorhinal cortex and its upstream regions to
other hippocampus-dependent tasks. In fact, a question
regarding whether medial temporal lobe structures work
in concert to support all forms of declarative memory
(Squire et al., 2004) or individual structures are function-
ally dissociated (Jarrard et al., 2004; Murray et al., 2005)
has been debated across species. Further studies are
needed to explore possible differential roles of hippo-
campus and entorhinal cortex in learning and memory.
Overall, it should be appreciated by the community
that such a cell-type restricted transgenic mouse strain
has been created allowing for temporally discrete ge-
netic control of processes critical to learning and mem-
ory. By exchanging the (tet)o mouse of mutant CaMKII
gene in the present study with other genes, any genetic
manipulation can be targeted to the medial entorhinal
cortex and its upstream regions. Genetic dissection of
the forebrain in a cell-type-specific manner is challeng-
ing because of the lack of appropriate genetic promoters
specific to particular areas. However, once created as
tetracycline- or Cre recombinase-transgenic mice, they
will become valuable research tools for the study of
particular brain areas, in particular because cell-type re-
stricted manipulation in vivo is not feasible by conven-
tional lesion techniques with a stereotaxic apparatus.
Kazu Nakazawa1
1 Intramural Research Program
National Institute of Mental Health




Aggleton, J.P., Vann, S.D., Oswald, C.J., and Good, M. (2000). Hip-
pocampus 10, 466–474.
Clark, R.E., Broadbent, N.J., and Squire, L.R. (2005). Hippocampus
15, 340–346.
Hafting, T., Fyhn, M., Molden, S., Moser, M.B., and Moser, E.I. (2005).
Nature 436, 801–806.
Iijima, T., Witter, M.P., Ichikawa, M., Tominaga, T., Kajiwara, R., and
Matsumoto, G. (1996). Science 272, 1176–1179.
Jarrard, L.E., Davidson, T.L., and Bowring, B. (2004). Hippocampus
14, 434–449.
Martin, S.J., de Hoz, L., and Morris, R.G. (2005). Neuropsychologia
43, 609–624.
Mumby, D.G., Astur, R.S., Weisend, M.P., and Sutherland, R.J.
(1999). Behav. Brain Res. 106, 97–107.
Murray, E.A., Graham, K.S., and Gaffan, D. (2005). Q. J. Exp. Psychol.
B 58, 378–396.
Remondes, M., and Schuman, E.M. (2004). Nature 431, 699–703.
Sagar, H.J., Cohen, N.J., Corkin, S., and Growdon, J.H. (1985). Ann.
N Y Acad. Sci. 444, 533–535.
Scoville, W.B., and Milner, B. (1957). J. Neurol. Neurosurg. Psychia-
try 20, 11–21.
Squire, L.R., and Zola-Morgan, S. (1991). Science 253, 1380–1386.Squire, L.R., Stark, C.E., and Clark, R.E. (2004). Annu. Rev. Neurosci.
27, 279–306.
Steffenach, H.A., Witter, M., Moser, M.B., and Moser, E.I. (2005).
Neuron 45, 301–313.
Teng, E., and Squire, L.R. (1999). Nature 400, 675–677.
Winocur, G., Moscovitch, M., Caruana, D.A., and Binns, M.A. (2005).
Neuropsychologia 43, 1580–1590.
Witter, M.P., Groenewegen, H.J., Lopes da Silva, F.H., and Lohman,
A.H. (1989). Prog. Neurobiol. 33, 161–253.
Yasuda, M., and Mayford, M.R. (2006). Neuron 50, this issue,
309–318.
DOI 10.1016/j.neuron.2006.04.007
